We propose new supergravity models describing chaotic Linde-and Starobinsky-like inflation in terms of a single chiral superfield. The key ideas to obtain a positive vacuum energy during large field inflation are (i) stabilization of the real or imaginary partner of the inflaton by modifying a Kähler potential, and (ii) use of the crossing terms in the scalar potential originating from a polynomial superpotential. Our inflationary models are constructed by starting from the minimal Kähler potential with a shift symmetry, and are extended to the no-scale case. Our methods can be applied to more general inflationary models in supergravity with only one chiral superfield.
Introduction
In the single-field inflationary models the availability of arbitrary choice of the inflaton scalar potential V (φ) allows one to theoretically describe any value of the Cosmic Microwave Background (CMB) observables (n s , r). It is one of the reasons for popularity of the much more restrictive one-parameter single-field inflationary models with the quadratic (V = scalar potentials of the canonically normalized inflaton scalar field φ. For instance, the Starobinsky model [1] has only one mass parameter M that is fixed by the observational (CMB) data as M = (3.0 × 10 −6 )(50/N e ) where N e is the e-foldings number. The predictions of the Starobinsky model for the spectral index n s ≈ 1 − 2/N e ≈ 0.96 (for N e = 50), the tensor-to-scalar ratio r ≈ 12/N 2 e ≈ 0.0048 and low non-Gaussianity are in agreement with the WMAP and Planck data (r < 0.13 and r < 0.11, respectively, at 95% CL) [2, 3] , but are in disagreement with the BICEP2 measurements (r = 0.2
+0.07
−0.05 , or r = 0.16
+0.06
−0.05 when dust subtracted) [4] . The competitive model of chaotic inflation with a quadratic scalar potential, proposed by Linde [5] , predicts r ≈ 8/N e = 0.16 (50/N e ) in good agreement with the BICEP2 data, though in apparent disagreement with the Planck data (when running of the spectral index is ignored).
It is desirable to realize those single-field inflationary models (and their known extensions, in order to accommodate both the Planck and BICEP2 data) in supergravity because supersymmetry (SUSY) is one of the leading candidates for new physics beyond the Standard Model. At the same time, we would like such model building to be minimalistic in the sense that a number of fields and parameters should be limited or constrained as much as possible.
It is not straightforward to extend the single-field inflationary models to 4D, N = 1 supergravity. In the context of the old-minimal supergravity, it requires a complexification of inflaton and its embedding into a scalar supermultiplet whose generic action is parameterized by a Kähler potential K(Φ, Φ) and a superpotential W (Φ). The F -type scalar potential of supergravity in the Einstein frame is [6] 
where the subscripts denote the differentiation, and the superscripts stand for the inverse matrix. There are two obstacles to realize inflation with this potential. First, the exponential factor generically prevents a flat inflationary potential. Second, the scalar potential in terms of a single chiral superfield tends to become negative in a large field region (Sec. 2). A way to overcome those obstacles was proposed in Refs. [7, 8, 9] by the use of two chiral superfields Φ and S with a shift-symmetric Kähler potential and the following superpotential:
respectively. This choice leads to the very simple scalar potential
in terms of the leading (and canonically normalized) complex scalar field component Φ 1 , provided that the Kähler potential is quadratic in (Φ + Φ) and the superfield S is stabilized at S = 0. 2 The supergravity extension given above describes a large (parameterized by the function f ) class of non-negative scalar potentials suitable for inflation. For instance, the quadratic single-field scalar potential is easily generated by choosing f (Φ) = mΦ/ √ 2, with Im Φ playing the role of inflaton along the inflationary trajectory S = Re Φ = 0. Similarly, the Starobinsky inflation can be described by identifying inflaton (scalaron) with Re Φ under the choice f (Φ) = The minimal Kähler potential, having the shift symmetry and used in Refs. [7, 8, 9] ,
leads to free kinetic terms. Another (no-scale) Kähler potential with the shift symmetry is well motivated by (perturbative) superstring compactification [10] and supersymmetric particle phenomenology beyond the Standard Model [11, 12] ,
where the two complex superfields (Φ, S) parameterize the non-compact homogeneous space SU (2, 1)/U (2). In the context of superstrings, Φ has physical interpretation as a Kähler (or compactified volume) modulus. The no-scale supergravity in terms of two chiral superfields (Φ, S) with the Kähler potential (5) and a superpotential W (Φ, S) was used to embed the Starobinsky inflation in Refs. [13, 14] and to embed the quadratic (Linde) inflation in Ref. [15] . The superfield S above is introduced to obtain the suitable potential of Φ, so that the S plays the auxiliary role. Our purpose in this Letter is to get rid of the superfield S. There are models with a single chiral (or linear) superfield and a real (vector) superfield [16, 17, 18] , as well as models with a dynamical complex scalar field based on the non-linear realization of supergravity that requires additional constrained or auxiliary superfields [19] . Our construction does not require non-linear constraints, auxiliary superfields, or vector superfields.
As a matter of fact, there are the negative statements against such construction in the literature. As regards a quadratic inflation in the SU (1, 1)/U (1) no-scale supergravity, 1 The leading field component of a superfield and the superfield itself are denoted by the same letters. 2 It is not difficult to properly choose the SS-dependence of the Kähler potential (2) for that purpose.
it was noticed in Ref. [15] under Eq. (24) that "there are no polynomial forms of W (Φ) that lead to a quadratic potential for a canonically normalized field, and we are led to consider N ≥ 2 models with additional matter fields" (like S). Also, an extension of the original (R + R 2 ) Starobinsky model to higher-derivative supergravity does require the second superfield S -see, e.g., Refs. [20, 21] for details. It has also been shown that it is impossible to embed the Starobinsky model into standard supergravity with the SU (1, 1)/U (1) no-scale Kähler potential when using a monomial superpotential [14] .
However, it is still unclear (a) whether the extra (matter) superfield S is truly necessary in order to embed a quadratic inflation into supergravity, and (b) whether the Starobinsky scalar potential can be embedded into standard supergravity with a single chiral matter superfield with more general Kähler-and super-potentials. Needless to say, both issues are highly actual in light of the BICEP2 and Planck data. In this Letter we are going to show by explicit construction that it is possible to realize supergravity models of the quadratic (Linde) inflation and of the Starobinsky-like inflation by using a Kähler potential K(Φ,Φ) and a superpotential W (Φ), in terms of a single chiral superfield Φ.
Our paper is organized as follows. In Sec. 2 we formulate a new class of the supergravity models with a generic Wess-Zumino superpotential in terms of a single chiral superfield Φ, and demonstrate how to get a quadratic potential of the imaginary part of the Φ-scalar (identified with axion, similarly to the natural inflation [22] ). We also explain how to stabilize the second scalar given by the real part of Φ. In Sec. 3 we apply the same strategy for realizing the Starobinsky-like inflation in supergravity. Our conclusion is Sec. 4.
Chaotic inflation with a single chiral superfield
The scalar potential of supergravity (1) is a sum of the positively definite (first) term and the negatively definite (second) term. To obtain a positive potential in the large field region, the first term should dominate over the second one. Due to a presence of the exponential factor, having a shift symmetry is the key to realize a flat potential in supergravity.
Let us begin with a minimal Kähler potential having a shift symmetry,
and a monomial superpotential
Then the scalar potential is given by
If inflation is driven by the imaginary part of Φ, the real part of Φ vanishes because of the Z 2 symmetry. But then the factor K Φ = Φ +Φ drops out, and the negative term dominates the potential. Note that the shift symmetry of the Kähler potential eliminates the inflaton (imaginary part) from the Kähler potential and its derivatives, so that the large field behavior of the inflaton gets worse. Even if one takes a polynomial superpotential breaking the Z 2 symmetry, as long as the value of real part of Φ is of the order of the inflationary scale, which is much lower than the reduced Planck scale, the situation does not significantly change. To improve the situation, there are two possibilities: either to enhance the positively definite term, or to suppress the negatively definite term. Most of the literature uses the second opportunity. In particular, the sGoldstino field S, whose value is fixed to zero, is introduced to eliminate the negatively definite term.
Here we employ the alternative (first) option. We stabilize the real part of Φ by a higher dimensional operator in the Kähler potential,
so that the factor |K Φ | becomes larger than √ 3. We assume a sufficiently large value of ζ so that the expectation value of the real part of Φ is well approximated by Φ 0 . The inflaton scalar potential reads
With n = 1 we obtain a quadratic potential of the inflaton ImΦ. The cosmological constant can be adjusted to zero (Minkowski vacuum) by adding a constant c 0 to the superpotential without affecting the inflationary potential,
The real constant Φ 0 must be larger than √ 3/2, avoiding a tachyonic inflaton mass. The same strategy can be applied to the no-scale Kähler potential. Let us consider the no-scale Kähler potential with a generic superpotential,
leading to the following kinetic term and the scalar potential:
The no-scale property means that V = 0 for W = c 3 Φ 3 with any value of the coupling constant c 3 .
It is worth mentioning that the standard matter-coupled supergravity defined by Eq. (13) is dual (equivalent) to the so-called F (R) higher-derivative supergravity defined by the chiral superspace action [23] 
whose holomorphic function F of the chiral scalar curvature superfield R is related to the chiral superpotential W (Φ) via the Legendre transform [24, 25, 26] .
In the case of a generic monomial superpotential (7), the scalar potential reads
and is positive only when n > 3 or n < 0. To gain more insight, let us take a polynomial superpotential having two terms,
and natural powers n > m. Then the scalar potential is
Since the Re Φ will be eventually stabilized (see below), we can regard the functions of Re Φ as the coefficients of the polynomial of Im Φ in Eq. (19) . We want a quadratic potential for ImΦ. The largest power of ImΦ in Eq. (19) is 2n − 2, while m + n − 1 is of the same value provided that m = n − 1. We want these to be quadratic. When demanding 2n − 2 = 2, we need m + n − 1 = 2, i.e. n = 2 and m = 1, in order to get a positive overall coefficient. Alternatively, one may take n = 3 and generate a quadratic term by using the cross terms of the (m + n − 1)th power. In this case m = 0. Next, let us take the most general renormalizable (Wess-Zumino) superpotential,
with arbitrary (complex) coupling constants (c 0 , c 1 , c 2 , c 3 ). It yields the scalar potential 
where the bracket denotes the vacuum expectation value. For instance, setting c 3 = 0 eliminates both cubic and quartic terms with respect to Im Φ, so that the scalar potential in terms of the canonically normalized field Φ I is given by
In particular, the mass squared of the inflaton Φ I is
It is positive for some c 1 and c 2 , and should be matched with the amplitude of curvature perturbations, P R (k) = (2.196 (13) by some extra terms breaking its no-scale structure. A particularly simple example of such modification was proposed the long time ago in Ref. [27] (and was used more recently in Refs. [15, 28] for the stabilization purposes with two chiral superfields),
with two real parameters ζ and Φ 0 . It is straightforward to compute the scalar potential with the modified Kähler potential. We find
The real part of Φ is stabilized by a SUSY breaking mass,
Taking a large ζ, it becomes m 2 ReΦ ≃ 648ζ − 81/4Φ 3 0 |W | 2 at the vacuum. It is larger during inflation.
As in the minimal Kähler case, the factor (Φ +Φ − 2Φ 0 ) is suppressed due to the stabilization effects itself. Therefore, many extra contributions, including those in the canonical normalization, are small compared to the original contribution above, and merely perturb the coefficients of the polynomial in Φ I . The only non-trivial change 3 in the potential of Φ I comes from the term proportional to |W | 2 (it represents the gravitational corrections). In contrast to the case of (9) , that term arises because the stabilization term makes a cancellation of the terms characteristic to the no-scale type models incomplete. The extra term should be small enough, when compared to the original terms, in order to ensure the quadratically generated chaotic inflationary dynamics. For example, the term responsible for the inflation, I , should be dominant over the quartic term contained in the |W | 2 term, which implies
during inflation. We have assumed here for simplicity that the first term in the mass formula of Φ I in Eq. (24) dominates over the second term, which is negatively definite.
Starobinsky-like inflation with a single chiral superfield
In this Section we revisit the issue of minimal realization of the Starobinsky-like inflation in supergravity with a single chiral superfield (or 2 B + 2 F extra d.o.f. only). The nogo arguments in the literature against it refer to a supergravity extension of (R + R 2 ) gravity [20, 21] in the original (higher-derivative) picture, and a monomial Ansatz for a superpotential (in the dual picture) [14] . Since the stabilization (25) leads to breaking of the no-scale structure of the Kähler potential, it also breaks its correspondence to the F (R) higher-derivative supergravity (16) , so that the first no-go obstruction is dismissed. As regards the second obstruction, in order to achieve a scalar potential which behaves like a constant in the asymptotically large field region, the power n of the superpotential (7) must be 3/2. Substituting that monomial superpotential into the supergravity scalar potential (15) results in a negative constant (i.e. AdS instead of dS) -see (17) and Ref. [14] . However, that can be improved by using a polynomial superpotential.
Let us consider Eqs. (18) and (19) with ReΦ as inflaton, and ImΦ stabilized as in Eq. (25) though with −i(Φ −Φ) in the ζ-term. Since we are interested in the large field behavior of ReΦ, its largest power is most relevant. Demanding it to be zero yields either 2n − 3 = 0 that is inappropriate, or n + m − 3 = 0, while a larger power due to the (2n − 3)-term is eliminated by choosing n = 3 that, in turn, implies m = 0.
According to those arguments, we should take a superpotential
as our starting point. After stabilization of the imaginary part (ImΦ = 0), this leads to a constant potential V = −27Re(c 0 c 3 )/2, whose sign can be chosen to be positive. At this stage, the good news is that we have a positive inflationary energy, and the bad news is that our scalar potential is just a constant.
As the next stage, we consider two modifications of the superpotential (29) , in order to obtain meaningful Starobinsky-like potentials. The first proposal is to introduce a constant shift of the field Φ in the superpotential as
where the constant a is assumed to be real, so that a cancellation between the contributions of (ReΦ − a) 2 and (ReΦ) −2 becomes incomplete. After a field redefinition ReΦ = exp( 2/3φ), the scalar potential of the canonical field φ becomes
The first term has the form of the Starobinsky potential, and the second term blows up in the large field region, with |φ| of the order ≤ O(10) (see the pink solid line in Fig. 1 ). However, if |c 3 | is sufficiently small, the latter term can be ignored. In the parameter space, where the second term is small but non-negligible, the predictions of the Starobinsky model for r (Sec. 1) are modified. As an illustration, we plot the prediction of our model in the (n s , r)-plane in Fig. 2 . We set a = 1, because increasing a has the same effect as increasing the coefficient of the correction term, and assume the ideal stabilization with ImΦ = Φ 0 . The e-foldings number N e is defined between the point where the (n s , r) are evaluated and the point where the slow roll inflation ends, ǫ ≡ (V ′ /V ) 2 /2 = 1. Another (second) way of modification of the Ansatz (29) is by adding terms of a smaller power to the superpotential, while keeping its large field behavior. As an example, let us consider a superpotential 4 After stabilization of the imaginary part, it results in the following scalar potential (the cyan dotted line in Fig. 1 ): Finally, we point out that the Starobinsky-like potential of the ImΦ can also be obtained from a non-logarithmic Kähler potential (9) with a superpotential
where we have introduced the mass parameter m, and two real constants, a and Φ 0 (the vacuum expectation value of ReΦ), and the complex constant b. After stabilization of the ReΦ, the scalar potential of ImΦ reads
and can be a very good approximation to the Starobinsky scalar potential in the large field region. When a = 2/3 and Φ 0 > √ 3/2, there are always two solutions for Reb and Imb, realizing the Starobinsky scalar potential. 
Spectral index
Tensor-to-scalar ratio
The spectral index and the tensor-to-scalar ratio of the models (30) and (32) . The prediction of (30) corresponds to blue points (N e = 50) and red points (N e = 60). The very left point (double circle) in each case is the prediction of the Starobinsky model. The relative coefficient −c 3 /3c 0 of the correction term is set to 10 −8 , 10 −7.8 , 10 −7.6 , . . . from left to right. We take real parameters and a = 1. The prediction of (32) corresponds to the yellow (N e = 50) and green (N e = 60) star, with the same parameters as in Fig. 1 .
Conclusion
We demonstrated that it is possible to realize both the Linde (quadratic)-and the Starobinskytype scalar potentials in supergravity with a single chiral superfield, without other chiral superfields or any tensor (vector) matter. It requires certain modifications of the Kähler potential as well as fine-tuning of the parameters, which are the common features of all realizations of chaotic inflation in supergravity. Other stabilization mechanisms are certainly possible, while we used the one of Eqs. (9) and (25) as an example. The no-scale property can be sacrificed because it does not survive against quantum corrections. Some of our models favor the SUSY breaking scale that is much higher than the electroweak scale, because inflaton breaks SUSY even after inflation. Our realizations lead to super-Planckian excursion of inflaton field [30] , though it may not be a problem [31] . A derivation of the proposed supergravity models from extended supergravity, extra dimensions or string theory is beyond the scope of this paper (see, however, Refs. [32, 33] ).
The Linde and Starobinsky models have different shapes of the scalar potential and, hence, lead to different predictions of inflationary observables. Our method may be used to develop other inflationary models in supergravity with the help of a single chiral superfield. It contributes to the inflationary model building to be consistent with the Planck, BICEP2, and future data.
